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I. INTRODUCTION

The particular problem of estimating gun barrel temperature profiles in
the vicinity of high energy gas flow has been examined experimentally by local
investigators, and the general problem cf mathematically constrained, 3.4
unsteady, high temperature heat flux is treated in the open literature. ’'~’
Historically, the preliminary layout of liquid grgpellant rocket combustion
chambers has often employed the Schmidt diagram”’" to estimate the critical
metal temperatures in the structure. This is developed as a finite difference
approximation of the second order, first degree partial differeatial equation
of physics in heat flow context and is usually presented graphically. The
graphical analysis is an alternative to the LaPlace Transform treatment’ which
is unwieldy in execution. It also competes with the differential analyzer
technique. Rigorous solutions to the second order axisymmetric problem in the
form of mapped finite §1ement presentations of the detailed transient flow
phenomena are promised” for the proximate future.

A specific and comprehensive solution to the barrel problem has recently
been delivered in the form of mathematical presentation by Polk,? and this in
the explicitly usable form of a moderate level computer program (Hewlett-
Packard 9845) for direct application. The Polk treatise is not currently in
BRL report format, however, and the program is still being refined. A

T. L. Brosseau, "An Experimental Method for Accurately Determinin
Temperature Distribution and the Heat Transferred in Gun Barrelss' BRL-R-
1740, September 1974. AD #B000171L.

Mark W. Zemansky, Heat and Thermodynamics, McGraw-Hill Book Company Ine.,
New York, 1957.

Max Jacob, Heat Transfer, Vol. 1, John Wiley and Sonms, New York, 1949.

E. F. Quigley, "One Dimensional Transient Temperature and Stress
Distribution Produced in 0.375- and 0.500- inch Thick 7075A1-T6 Flat
Plates by Fourteen Nuclear Thermal Environment," BRL-MR-2173, April
1972. AD #901995.

Frank Kreith, Principles of Heat Transfer, Intermational Text Book
Company, Scranton, PA., 1963.

George P. Sutton, Rocket Propulsion Elements, John Wiley and Sons, New
York, 1956.

Theqdore V. Karman and Maurice A. Biot, Mathematical Methods in_
Engineering, McGraw-Hill Book Company Inc., New York 1940.

J. Fo Polk, "An Algorithm for Heat Transfer in Gun Barrels," Transactions
of the Twenty-Fifth Conference of Army Mathematiciana, ARO Report 80-1,
1980.

P. L. Versteegen and F. D. Varcolik, "Heat Transfer Studies in Gun Tubes,"
ARBRL-CR-00393 (Science Applications Ine., MeLean, VA.) March 1979. AD HA069649
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complete FORTRAN program, based on a Calspan reference,lo is also available
but has yet to be introduced into the local Control Data Corporation facility.

In direct graphical exposition, the Schmidt plot consists of a large
scale drafting wherein the results are recovered as measured values rather
than discrete numbers. This report offers the details of a desk top
calculator (Hewlett-Packard 97) procedure algebraically transposed from the
finite difference scheme to calculate heat transfer coefficients in a
ballistics environment from an overdetermined set of equations. The data is
from experiment,and an implicit assumption is that the driving gas temperature
is constant over the selected time interval of the calculation., The
appropriate driving gas temperature can then be determined by regressive
substitution.

Thermodynamic units always deserve a special note. The examples are
presented in the International System of Units, the British,and in normalized
parameters. The British units are employed simply because the materials
properties values are most widely available in this system,and it therefore
offers direct and convenient application. The SI_is proposed as a standard,
and the normalized borrows from the Jacob-Hawkins~ practice with an additional
modification to eliminate geometric scale factors.

II. PROCEDURE
A. General Statement

The differential equation describing one dimensional, unsteady,
conductive heat flow through a solid is

2
1 931 3_:. (rectangular slab). (1)

ox

where is thermal diffusivity,
is temperature,

is time,

is distance.

X e

Approximate solutions to the differential equations can be obtained by solving
the finite difference analogue.

AtT AT

- = )
At Ax2

1
a

10 »meyconp Program, and "HTC" Program, communication via Mr. Kovacs, DRDAR-
SE, Picatinny Arsenal.
10
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with At equal to the finite difference in time,
2 . . . . .
Ax" equal to the finite difference in distance,
AtT equal to the time variable effecting a change in T, and

A T equal to the distance variable effecting a change in T.

By then defining "t" as the number of time increments (At), and "n" as the
distance increment, the direct application form of the equation becomes

T (e+1) = T (t) _ Tiae1) () =2 T (€) + Ta-1)(t)

a = (3)
a At Ax2

Note: Throughout this report, the notation T t and Th(t) will be used
interchangeably. Parenthesis will be used onTy vhen added clarity is
necessary.

Appendix A transcribes the finite differences to algebraic formulation and
illustrates the Schmidt plot by numerical example.

In cylindrical coordinates the finite difference equation becomes

1 T (t+1) - T (¢) oL Teae1) ) * Tpo1y(E) = 2 T (8) %) )
a At 2 .2 :
r Aj ;
where r = ej s }
. . Ar
and A = T

for any radius '"r" with "j" defined in terms of "r".

Appendix B presents the cylindrical transcription and a numerical example for

Ll . illustration.

) B. Application to a Gun Barrel

-

: The gun barrel is represented as a long thick-walled annular cylinder,
}! Figure 1, with a suddenly imposed high temperature gas flowing through the

bore. To estimate the wall temperature gradient, three assumptions are
required:

AL
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Univalued properties of the medium.

3. Radiation and convection accountable by the modification of the value
for unit surface conductance.
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where

Ty is the inner cylinder radius

T, is the outer cylinder radius

- Figure 1. Schematic of Infinitely Long Cylinder
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-
}:_ C. Wall Surface Temperature

The procedure used to develop the equations which specify the temperature
of the face of a slab after exposure to a high temperature gas consists of:
¢

1. Construction of the Schmidt plot, which is geometrically defined in
terms of selected gas and metal properties; i.e., the heat transfer
coefficient (h), the reference temperature (T ), the conductivities

! . of the gas and the metal (k),and the diffusivity of the metal (a).
oy 2. Transformation from the geometric to the equivalent algebraic
o expression.

I In this context, as shown in Figure 2,

AT = To - To.
o o n

— _ Ax
e m T Axeax * OF (5)
: o

- 1 .
1T+ (AxO/Ax) i (6)

where Axo by construction of the Schmidt plot aund

= =

: 1
D) Ax = (2abt) 2, Q)

duration of heat exposure
number of time intervals

where At =

] For the gun problem, the duration of the heat exposure may be determined from
{f- the in-bore projectile trajectory history and an adiabatic flame temperature
) established from a definition of the propellant composition. These are
tenuous criteria, of course, but are within the existing '"state of the art."
o . From Figure 2 and Table 1, the temperatures at the wall (Plane 1) are
algebraically fixed for the first ten time intervals in terms of equivalent
Schmidt plot distances corresponding to the specific thermal resistances on
each side of the wall plane. Table 1, obtained from Figures 3 through 7,
presents the algebraic resolution of the temperature profile for the
interstitial planes. Table 2 gives the corresponding temperatures for the

!1 second plane - based on the same reasoning. These particular formulae neglect
ro the influence of curvature since the wall penetration (Ax) approaches zero.
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Tll-le-mATo+T10

T3 =T4= 1 nart (3w + T
2
T)5 = T)6 = 1 m AT _(7.5-4.5m + m") + T)0
T,7 = T,8 = L mAT (17.5-14.5m + 6m> - m) + T.o
1 1 8 o' * 1

1
16

where ¢n is as defined above.

T2° = Tzl

T,2 = T3 = I mar +Tpo

Tyh = T,5 = 1, m AT _(3.5-m) + T,o

1 2
1

1 mAT_(24.25 - 19.75 m + 6.5 p2nd) + T

where en is as defined above.

TABLE 1. ALGEBRAIC SPECIFICATION OF T;n

T,9 - T110 = ——-mNT°(39.375-40.625m + 23.75m2-7.5m3+m4)+Tlo

TABLE 2. ALGEBRAIC SPECIFICATION OF T,n

20

AT ¢,+T, 0
AT°¢3+T10
AT ¢5+T, 0
AT ¢,+T,0

ATO¢9+T10

AT 6,+T,0
o

AT 6_+T.o
o
+T, 0

AT ©
o

AT 6,.4T,0
o




The calculating technique is demonstrated by example, using the HP-97, in
Appendix C.

Evaluation of h from Experimental Data

If an experimental wall temperature distributionl’4 can be established,
it is possible to read the temperature rise at any two times and solve the
algebraic set of equations of Table 1 to eliminate T,. The resulting
expressions are single valued in "m'" and solvable. sing the most convenient

divisor,

T13 - Tlo
mAT°4>1

Yy G-m) = ¢;m (8)

T,5 - T,
mAT_§,

o

Iy (7.5-4.5mm%) = ¢s(m) 9)

T17 - Tlo

mATo\p1

—;—(17.5-14.5m+6m2~m3) = o, (10)

T19 - Tlo 1

mAT ¢, 16

(39.375-40.625m+23.75m2-7.5 m3 + m4) = ¢9(m),(11)

Tln - Tlo

AT
o]

whereby = m ¢n(m)¢1. (12)

The solution iterates "m" until the experimental and calculated T;n differ by
less than a pre-selected error bound. The heat transfer coefficient, h , is

then deduced from the definition of "m."

Appendix D contains a sample calculation and printout of the HP-97 program for
illustration.
Determination of Tyn from Experimental Data

Plainly, the extension of the procedure is to examine the average value
of the driving gas temperature over the subintervals, i.e., those within the
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elapsed time interval. Using values of T,1 and T,3, the intersection of the
rays by the construction of Figure 4 locates the value of T.,n for the
subinterval between time 1 and time 3. The remaining intersections are
similarly determined except for the period between time 0 and time 1. T 1 is
directly determined by the physical constraints of the finite difference
equation. Figures 8 through 12 illustrate and Tables 3 and 4, based on the
following identities, summarize the procedure. Table 3 considers m = constant
while Table 4 allows a variable m.

Tll

To ~ ™ (124 24 BN (13)
o

7,3-1,3 (14)

— m , 1<t<3 ,
Ton T23

T.5 - T,5 (15)
1 2
e = m 3<t<5 ’
Ton T25 ’
T.7 - T.7
1 2 (16)
s " m , 5<t<&7 R
Ton T27
T9 ~T,.9
0 S S, , 7<t<9 . 17)
Ton - T29

Ton is listed in Table 2 and T,0 commonly adds to zero.

For the subinterval temperature rise and a corresponding "w," the local heat
transfer coefficient can be calculated by the methods demonstrated in Appendix
D.

22
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TABLE 3. ALGEBRAIC SPECIFICATION OF Tbn FOR m = CONSTANT

LT A A A
"Y 4

Time Interval Ton

T 1

From To For '"m" = constant - —l;
0

=3

2 T, 1

(Tll)z
3 Tll - 2 T13

N ‘fjv'-v ‘t’-"‘r‘f‘ffv‘l’_"'f ;"—,",,";".‘:. A e N
. e PR . ,
o
[

2
(Tll) + 4T11 T13

5
9 Tll + 4 T13 8 115
(T1)2+2T1T3+8T1T5
7 1 ) ! 1" 71
17 Tll + 2 T13 + 8 TIS - 16 T17
2
. 5('1'11) +8T11 Tl3+16 T11T15+64 1‘11 T17

133 Tll + 8 Tl3 + 16 T.5 + 64 T17 - 128 T19

1
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III. RESULTS

The data from References 11, 12 is ysed to examine some of the
implications of the equations. Figure 13 2 provides the temperature history
of the interior barrel surface of a bench mounted 20 mm weapon firing TB-l
propellant. The thermocouple was located immediately forward of the
chamber. For the idealized conditions previously specified, i.e., constant T,
equal to the adiabatic flame temperature of the propellant and univalued h and
with the properties given in Table D-1, the heat transfer coefficient
corresponding to a maxxmum wall surface tempetature rise of 842°F (450°C) is
found to be 10,953 B/hr ft 2p (1656 cal/hr cm? C). This result is obtained by
iterating '"m" and T;9 - T;0 until the calculated agrees with the experimental
temperatures. Figure 14 compares three different driving gas temperatures for
the cases of an assumed constant heat transfer coefficient and adiabatic flame
temperature source and the alternate cases where the heat transfer

o coefficient is allowed to vary within the subintervals--in one instaance being
- an averaged counstant over the full interval and in the other being coupled to
- the local effective gas temperature. Figure 15 shows the corresponding heat
[!E transfer coefficients for this example.

IV. CONCLUSIONS

With reliable digital temperature recording to one millisecond resolution
and current desk top calculating facility, the Schmidt plot approach can be
used to establish the effective heat transfer coefficient for experimental
data where the transport properties of the system may be assumed constant.

11 Artillery Ammunition Master Calibration Chart, Material Testing
Directorate Report 1375, 15th Revision, Aberdeen Proving Ground, MD
1973.

12 Unpublighed Test Data, Interior Ballistice Division, Ballistic Research
Laboratory APG, MD 1980.
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APPENDIX A

TEMPERATURE GRADIENT IN A TWO DIMENSIONAL PLANE WALL
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APPENDIX A

TEMPERATURE GRADIENT IN A TWO DIMENSIONAL PLANE WALL

For the simple geometry represented by a semi-infinite flat plate

exposed to a suddenly imposed constant temperature gas on one surface,

the Schmidt plot takes the form given on Figure A-1. The initial distance
. increment, Ax,, is made proportional to the film coefficient conductance

while the fol?owing nine, Ax, characterize the metal. Within the given

calculation, the number of distance increments is determined by the

storage capacity of the calculator. There is no limit to the number of

time cycles.

[e— AXg—oje— AX —sje— AX —>je— AX—s¢—AX—] :

1500 )
| N ]
w1000 \ ?
o
2 \
35 1?01}2
& 2
= 500
- 2R3 )
T

_ o PN TR 1f §

0

0 | 2 3 4 5 ‘

INTERFACE PLANE LOCATIONS

Figure A-1. Schmidt Plot for Schematic Slab Temperature Profile

« . The problem is to establish the interface time-temperatures in

’ order to insure that the wall material strength criteria is not exceeded.
Table A-1, following, illustrates the stepping progression in the finite
difference parameters and Figure A-2 presents the results of a specific
example.
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There are two branches to the algorithm. Onc branch describes the )
conditions at odd-numbered time cycles such that .

e a—

Ax (.l. -T t—l)
. - o 2 _
1 gt-l o+ AX + BX (A-1)

. AR AA. e L m

i T,t = T t-1 (A-2)

.o

T4t = '['4t-1 (A-4)

Tst = 3 (A-5)

T()t = T6t-l (A-6)

Tt o (a-7)

Tt = T,t-1 (A-8)

T, .t = T,t-1 (A-10)

e Jautd

T ML ¢\ " A RS & & ¢ A & A AN,
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5; The sceond branch describes conditions at cven—numbered time cycles such
._: that
Tt = Tie-l (A-11)
. ‘e - Flt-l + Tst-l
. 2 2 (A-12) .
T3t = Fst-l (A~-13)
T, t-1 + T.t-1
- . _ 3 5
14t = 3 (A-14)
Fst = Tst-l (A-15)
.
T.t-1 + T.t-1
_ 5 7
- T6t = 3 (A-16)
. I7t = 17t—1 (A-17)
- )
. Tt-1 + Tyt-1 ]
= o _ 7 ) J
, lst = 5 (A-18)
) *
s Tgt = Tgt-l (A-19) ]
,; "
4 T, .t = T, t-1 20
B 100 7 9T (A-20) .
< %
- ]
-. z
‘ -
1
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The magnitude of the time cycles is determined from the initial definitions

such that
sz 1
2alt ’
or
2
Ax
at 2a ’
where
i Kk
pc ’
and k is thermal conductivity,
c is specific heat, and
p is material density.
Whereby
2
_ cbdx
At 20k

Example

The calculating technique is demonstrated by example.
steel wall 12 inches (30.2 cm) thick suddenly exposed
gas flow over one face. After a measured interval of
temperature is reduced to ambient. Table A-2 defines
and operating parameters for the program input.
plot of the results.

(A-21)

(A-22)

(A-23)

Assume a semi-infinite
to a 5000°F (2760°C)

26 sec, the gas

the initial conditions

Figure A-2 presents a Schmidt

The HP-97 listing follow Figure A-2.
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NP=97 INLTIAL RECISTER CONTENTS .

Registers R, through R, center the initial temperatures at the interstitial :
plianes. . I

RA indicates the number of time cycles required to clapse 2.6 minutes

(for this cxamplce).

PRIFE W SEP R I B

'i - RB gives the distance increment for the steel.
- RC gives the sum of the steel and equivalent film increments, \
g R, and R, indicate the initial temperature at the terminal planc. i
<
EI Rl enters the number of time increments completed (usually 0). !
: i
3 RSO gives the ceffective ambient temperature of the gas during the cooling. {
}
. oureur -1
'- '
‘The printed output prescnts the temperaturce in the cnumerated sequence N
of the interstitial planes. The terminal plane temperature is given in L

the D register and the number of time cycles completed in the I register.
The real time clapsed is this number times the time interval.
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SAMPLE INPUT AND OUTPUT

T Uy

ThC TR | [ Ty TR TR, TR T e T e N

The program cntry cmployed with the lIP-97 is given below. Any

consistant system of units is suitable.

Primary
Registers Initial Values xample
o T, 2730 N
R1 '1‘1 280 N
R2 'l‘2 280 N
R3 13 280 N
R4 T4 280 N
Rg Te 280 N
Ré T6 280 N
R7 T7 280 N
R8 T8 280 N
Rg Tg 280 N
RA Y 6
RB Ax .208
RC Ax, + bx 1.208
RD 'flo 208 N
RE 'Flo 280 N
RI 0 0
Secondary
Registers
Ro TAMBIENT 280 N

OQutput after 15 time cycles

TO 280
'I‘1 436
Tz 469
'l‘3 455
T4 440
TS 404
T6 367
T7 339

z 2 Z2 2 Z2 Z Z Z

CAL
CAL

el i ol S |



Ol uia]

c e T

Intermediate Result
Intermediate Result
Intermediate Result

Tio

Intermediate Result
Number of time
cycles completed

.....

312 N
303 N
303 N

294 N

15
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Figure A-2. Schmidt Plot for Sample Slab Problem
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- PROGRAM LISTING  yal . y
oy 842 STOS 35 &3
: 843 STOE 35 it

044  CLX -5:

@45 ISZI 16 &b 4&
846  SPC 16-11
647  PREG 16-13
648 sLBLC el i3

. - 849 RCLI 36 Gl
81 sLBLB 21 12 858 RCL3 36 63
882 PREC  is-12 051  + -55
863 slBLA 2! 1 852 z 2
804 RCLO 35 0C 953 = -24
885 RULZ 3¢ 62 854 ST02 35 @i
086 - -45 855 (LN -51
- 887 RCLC 35 13 856 RCL3 36 63
5 888 = -24 857 RCLS 35 65
889 RCLB 35 il 858  + -55
018 x . -35 859 2 6z
811 RCL2 35 82 060 : -&4
012+ -58 861 ST04 35 &
013 sT01 35 6! 862  CLX -5
814  CLX -51 863 RCLS 36 65
815 RCL2 36 82 064 RCL7 36 &7
816 RCL4 36 64 965  + -55
- 017 ¢ -55 866 2 5
' 018 £z 857 ¢ 24
019 = -4 868 ST06 35 &<
3 028 ST03 35 &3 869  C(LX -3
021 (LK -5i . 878 RIL7 36 6T
R 822 Ril4 3¢ &4 871 RCLS 36 65
- 23 RCL6 3¢ 86 g7z + -3¢
024+ -55 873 Z 82
025 z 2 074 ¢ -id
026  + -&4 875 ST06 33 &
827 ST05 3585 076  CLX 3
028 (LK -5 077 ISZI 16 i6 €
829 RCLE 36 6c 878 RCLI 35 46
030 RCL8 35 82 879 Kilh 3% il
031 ¢ -55 880 X<Y?  i6-35
: 832 2 6z 881 CT00 il i
033 = -2 882 CToR il
834 STO7 33 67 883 sLBLD i 14
035 [N -5 884  FI5 Q-G
° . 036 RCLE 36 63 885 R(L6 3¢ &C
837 RCLE 36 iS 886 P35 is-Gi
038 STOD 33 14 87 ST08 33 GG
. 039+ -zt 088 ETOR il if
840 2 o: 889 kS 5
e
g 49
e
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APPENDIX B

TEMPERATURE GRADIENT IN A LONG THICK WALLED CYLINDER
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APPENDIX B

TEMPERATURE GRADIENT IN A LONG THICK WALLED CYLINDER

In cylindrical coordinates the suddenly imposed temperature is
shown in Schmidt plot presentation as Figure B-1, which is a transfor-
mation from the physical plane to that of the operating parameters. From
the equations of II-A, the transformed equivalent film distance is equal

k
- to-?f-for equal radial increments transposed to logarithmically spaced
T

increments in Aj.

1*1***“

———
800

;ﬂ|"

TEMPERATURE

LA .

' J

0 TB :§EE§EEBE-L-i ‘

f- 1.0 19 ]

- 2,3 DISTANCE ]

y

« . Figure B-1. Schmidt Plot Schematic for Cylindrical Wall Temperature !

i Profile :
. The problem is that of the slab to establish the time-temperature
f; distance gradient. Table B-1 illustrates the stepping procedure in

} finite difference parameters,and Figure B-1 plots the results of a )

‘ specific example. ‘

-
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The odd-numbered time cycles are described by

:i
Ajl d

= th-1 + [To - T,t-1 I—TA_jl' (B-1)
= th-l (B-Z)

Biq
+ [th-l T,t-1 570, (B-3)

- T4t T4t-1 (B—ZO)
Ajs
6 + T4t-1 - T6t-1 ‘A'J"4——‘—+AJ 5 (B—S)

6 (B-6)

|l o o V.-T'—'.". gt

-3

(7]
(ad
1}
-

PN
ot
]
el

i et i 4
[t
-]
(%2
ct
]
-3
(ad
1
—

LU - O
—
o+
1]
-3
ot
1
—

S A

Aj7
T.t = T,t-1 + [T6n-1 - T8n-1 -ATE*E (B-7)

Tot = Tot-1 (B-8)

-, 43
- ) 9
E.: Tgt Tlot-l + [Tsn-l - Tlon-{\ [———Ajsﬂﬁ 9] (B-9)

Tiot = Tot-d (8-10)

T la
~J
[0 0]
c B o N K% P

' Ce Ca ChlSER A - _# 2 *

r
-
AR . . "a
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s The even—numbered time cycles are described by

Ajz
Tlt-l Tst-l Z—J1—+A'5—2—

-3
N
t
n
=3
(7]
(a4
L}
[S
+

T,.t- t-1 —_—
3 5 A33+AJ4
Aj6]
T.t-1 - T,t-1 —_
[ 5 7 ] AJS+A]6

T,t-1 - T,t-1 —_—
7 9 AJ7+AJ8
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(B-11)

(B-12)

(B-13)

(B-14)

(B-15)

(B-16)

(B-17)

(B-17)

(B-19)




:'{' A fixed time increment is found such that

N The calculating technique is demonstrated by example. Assume an infinitely
h . long stainless steel cylinder 1.0 inches (2.54 cm) inside diameter and

3 2.5 inches (6.35 cm) outside diameter suddenly exposed to a constant

3 high temperature gas flow through the bore for 1.31 sec. The properties

.. of the materials and the critical transport properties are given in

- Table B-2 with the HP-97 listing immediately following.
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HP-97 REGISTER CONTENTS

The geometric radial boundaries are specified and equal radial
increments are automatically converted to logarithmic parameters within
the program. The corresponding initial temperatures must be entered as
well as an elapsed time span.

Registers RSO through ng enter the initial temperatures at the radial
interstitial planes.

RA indicates the number of time cycles required to elapse seconds (for

this example).

gives the inner radius.

o

W

gives the outer radius.

indicates the effective ambient temperature of the gas during the

cooling phase.

enters the initial temperature of the terminal plane.

e S~ of

is given the number 1 for the initial calculation. The program

automatically converts this figure to that of the number of time cycles

completed at any stage in the calculation.

Note that the program starts with the secondary register filled and the
primary register open.

OUTPUT

The printed output presents the temperature in the enumerated
sequence of the radial interstitial planes. The terminal plane
temperature is given in the D register and the number of time cycles
completed in the I register. The real time elapsed is this number times
the time interval.
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The program entry employed with the HP-97 is given below. Any

.. consistant system of units is suitable.
p Primary Initial )
,: Registers Values Example r
o Ro To 380 N
R1 '1‘1 280 N
?' Rz Tz 280 N
. R3 TJ 280 N
v R, T, 280 N
RS Ts 280 N
~ R6 T6 280 N
R, T, 280 N
! RB T8 280 N
: Ry T 280 N
B RA Y 3 .
- R3 " ioner -3 :
}‘ Re Fouter 2.25
(’ RD Tanbient 125 N
) RE TlO 280 N
RI 1 1

All primary registers are 0.
OUTPUT AFTER 6 TIME CYCLES

ﬁ T, 125 N
K T1 255 N
; Tz 274 N
;. T3 289 N
3
[ - Ta 284 N
b Ts 281 N
4
- T6 280 N
- T, 280 N
:. T8 280 N
Vﬁ T9 280 N
- Intermediate Result
4 Intermediate Result .
o Intermediate Result
Tlo 280 N

Numer of time
cycles completed

.
.
«
.
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601
o2
6a3
804
865
Gac
aar
ae8
aa9
é1a
a11
é12
813
014
a15
816
e1?
618
619
820
821
ez22
623
624
825
8z6
627
ez2e
629
630
831
832
833
834
835
836
827
838
839
a4a

[
L2}

ic

PROGRAM LISTING

(%
33 82

&8 de

LT T
36 4¢
50 82
[ -4
-5
cn
-
35 82
E I

b 1o
6 46
Jo 83

ec

o

eo
35 64
26 36
¢ 4€
-= a0

[ w I R
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841
842
843
844
845
846
847
848
849
856
851
852
as3
854
655
85e
esv
858
859
fed
dol
662
863
864
865
o6
867
ac8
669
676
arl

7e
873
874
075
876
arv
8re
8r9
uea
a8l
852
Be3
az4
BES
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138 + -ge
131 8707 35 &
132 RCLS Je 82
133 ROLE 36 13
134 - -45 886 RilE 3 82
135  P3S 16-51 887 + -58
136 RCLS Jo 88 888 5701 37 81
137 RCLS 3o 63 #89  CLX =34
138 z =25 090 RCLZ 6 82
139 1 &1 891 RCL4 3¢ 64 174 2 -24
148 + -E5 092 - -45 175 RCLS 36 63
141 E2s 16-5: 893 o5 16-51 176 + =33
142 2 -24 094 RCLZ Jé 82 177 S104 35 64
143  RCLE 36 15 095 RCL3 36 83 178 RCLS 3¢ 6%
144 STOD 35 14 096 2 -2 179 RCL? 36 &7
145 + -g¢ 897 1 H 18a - -43
146 STO9 35 83 898 -+ -55 181 =8 16-31
147 STOE 35 IS 899 bl 10-51 182 RCLS 36 8%
148 1521 16 26 46 168 2 -24 183 RCL6 36 &
- 149  PREG 1e-13 181 RCL4 3¢ 64 184 2 23
158  RCL1 35 61 102 + =35 185 1 &1
15t RCL3 36 63 183 8703 35 83 186 + -55
152 - -45 184 RCL4 36 64 187 =5 16-3¢
153 P25 16-51 185 RCLo Jo &b 188 & -39
154 RCLI 36 &1 186 - -45 189 RLL7 36 &
155 RCL2 35 8: 187 P35 15-51 190 + -5g
156 2 -24 188 RCL4 35 84 181  ST0e 35 &€
157 1 51 189 LS 36 85 192 RCL7 36 &7
158 + -35 118 2 -24 192 RCLS 36 &%
159 P25 16-5; 111 i 61 194 - -35
160 2 -4 112 + -5% 199  F3S 16-31
161 RCL3 36 83 113 F3S 15-8i 196 RCL? 3o &7
162+ -tg 114 2 &4 197 RCLS 3 85
163 ST02 35 @2 115 RCL6 3o 8¢ 198 : -24
164 RCL3 36 83 116 + =55 199 1 61
165 RCLS 36 65 117 §TOS 35 82 268 + -35
166 - -45 118 KRCLé 36 &¢ 261 o8 i6-5i
167 25 i6-51 119 RCLS & 68 202 3 -Z+
} 168 RCL3 3¢ &3 128 - -4& 203 RCLS J& 6%
r" 169 RCL4 36 64 121 5 1&3—5:. 204 + -55
(- 178 3 -24 122 RCLS 36 Gb 205 ST08 35 &2
- 171 1 a1 123 RCL7 3¢ &7 206 1821 16 io 4
a 172 + -5z 124 3 -24 267 hes i6-S!
- 172 25 16-51 125 1 8! 208 RCLI 36 4
o 126 + -85 2089 RCLA 36 il
® 127 F3S i6-5i 218 XXY? i6-33
[ 128 3 -24 211  €T0B e il
[ 129  RCLS Je & 212 RCLe 36 8¢
" 213 P3S ig-Zi
o 214 ST0B 35 d6
- 215 P 185
r. 216 5T08 [y ¥
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APPENDIX C
y PLANE WALL SURFACE TEMPERATURE

Under the idealized conditions as previously specified, the wall
temperature progression is established by algebraic determination as
expressed in Table 1. For example, assuming an adiabatic flame tempera-
ture of M-2 propellant as the driving gas medium, and estimating the

. time required for the projectile to clear the barrel as .003 sec, and
a heat transfer coefficient of 1845 B/hr ft2 F, with the physicals as
given in Table C-1, the wall temperature at the five time intervals can
be read directly from the printout. The complete HP-97 listing follows
on p.

e e -
o0 )

»

INITIAL REGISTER CONTENTS

PO AT

This program requires a constant driving gas temperature T , an initial
wall temperature, the thermal conductance and diffusivity of the wall
haterial, and a convective heat transfer coefficient corresponding to an

R assumed elapsed time increment. It presumes a slab wall and calculates
the wall temperature growth from an initial slab depth of approximately
.040 in (1 mm).

atenti oot

RA indicates the driving gas temperature, Ton.

% RB gives the initial ambient temperature, Tno.

sl sl fisofonsl

: R1 is the elapsed time in hours.

v e e e
PRI
sy

R2 enters 10, the number of time increments for this example.

R3 is the average convective heat transfer coefficient over this
range.

R4 gives the metal thermal conductivity.

.

5 is the metal thermal diffusivity.

OUTPUT

kit Tl

The printed output gives the wall temperature for ten sequential
increments of time over the elapsed time interval.

At

3
[ !
;
Y\
b
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The program entry employed with the HP-97 is given below. Any consistant
system of units is suitable.

Primary Initial
5 Registers Values Example
j R Tn 5596 F
a 0
. Rp T o 70 F
R) t, 8.33x10 . hr
R 10 10
Ry iy 1845 B/hr £t° F
R4 k 16 B/hr ft F
Rs a .49 £t?/hr
Output after 3-millisecond time exposure
Tll = T12 246 F &
T13 = T14 331 F j
T15 = T16 394 F %
T17 = T18 446 F )
]
T19 = T110 490 F :i.
3
..4

e 44 cun gEa B aer

P

i SR T S
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PROGRAM LISTING 891 X -3<
841 + -gg 892 ] es
, 842 FKTi -14 0893 < -24
’ 843 RCL:Z 3¢ 82 894 RCLB Jo 12
844 b £ 53 895 + -5¢
845 S571GS 33 89 896 PRTX -1
846 RCLZ 36 82 997 RCLY ¢ 83
847 4 . 8% 898 Xe £3
081 sLBLA 21 1 848 . -62 899 8 8¢ y
802 PREG io-13 849 S 05 168 X -35
903 KCLI 3¢ 61 858 X -35 181 STO07 35 8r
804 RCLZ 36 82 851 CHS -22 182 RCLS 3o 6%
085 2 -04 852 RCL3 3o 83 183 CHS =22
886 3TCc 75 13 853 + ) 164 6 86
687 RCLS 3¢ 85 054 7 Gy 165 é a4
988 X -35 855 . -6s 186 X -35
809 Z a2 856 5 85 187 RilL7 3¢ o7
. g18 X -35 857 + -85 188 + -55
811 X 94 858 RCL4 30 o4 169 ST0¢ sa &7
812 STl 35 &1 859 X -39 118 RCL9 36 89
813 RCL4 36 &4 0o 4 04 111 1 {
814 RCL3 36 82 -@é1 : -24 112 ) a9
815 3 -24 .- 862 RLLB 36 2 113 @ ag
816 STOD 514 863 + -&T .. 114 X -35
817 RCLi 35 8! . 864 FPRTX -i4 115  RCLr 36 &7
818 £ -24 865 KRCLI Jo ¢f 116 + -85
a19 1 g1 @ 866 KkCLZ 3¢ 42 117 ST07 35 67
828 + -5 867 X -38 118 RCLZ 26 8z
821 17X g2 868 5705 35 &2 119 3 YKy
822  sT02 35 3z 069 ChS =23 12e 2 62
823  RCLA 3 1 878 ST07 35 &7 121 S cs
824 RCLEB 35 12 871 RCLS Jo CF 122 X -3
825 - -45 @72 6 g¢c 123 CHS =22
826 STO3 35 83 873 X -35 124  Kii7 3o &7
827 RCLZ 3¢ 02 874 + -g5 125 + -85
828 X -3= 875 SiGr 3% 67 126 STO07 35 &7
- 829 ST04 35 &4 876 Rl 3o 82 127 3 83
" 830 RCLB 36 12 877 i a 128 1 81
-9 831+ 55 e 4 y 129 5 ge
- 832 PRTA -14 879 . -52 136 ' -5
833 3 23 L 5 s 131 koid 3€ a4
= 834 RC.2 36 a2 881 X -35 132 X ~-3c
L 835 - -45 882  Cis =il 133 i Gl
836 FKCu4 36 04 883 RCL7 3¢ 41 134 é 5l
R 037 x -18 884  + -€g 135 & e
o 638 2 32 885 p ! 136 2 -3 i
- 639 2 -3 886 7 &r 137 R{LB KIS
iy 840 RCLE 3¢ i 887 . el 138 + -5t
- 888 5 i 139 FRIX A
v 889 + -crF 140 rRTH o1
K : 090 RiLsé e
A
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APPENDIX D

HEAT TRANSFER COEFFICIENT FROM EXPERIMENTAL DATA
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APPENDIX D

HEAT TRANSFER COEFFICIENT FROM EXPERIMENTAL DATA

Given the conditions recorded in Table D-1, the HP-97 input/output
;f , and the complete program listing follows. This program contains a
ce recursive feature such that the initial estimate of h is used to
ﬁ calculate ’1‘19, which is then compared with the experimental value,
. whereupon a recalculation using a modified value of h is used to reform
555 T.9 until it is within the acceptable range selected. The cyclic converging
o values of T,9 are printed in order, and the result presents the final h with
- the corresponding temperature progression.
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HP-97 INITIAL REGISTER CONTENTS
Register 0 enters the range of temperature convergence.
Register 1 is the elapsed time in hours.
Register 2 is 10
. Register 3 allows the estimate of 3} the film coefficient.
Register 4 gives k, the conductivity of the metal wall.

Register 5 indicates a, the diffusivity of the metal wall.

Registers 6 - 9 are zero

PRSI ¢

Register A is the driving gas temperature Ton, usually taken as the
local adiabatic flame temperature.

Aeii,

Register B is the initial wall temperature T,o.

1

U | o

Registers 6, D and E are zero.

T Tl
)

Register I gives the wall temperature rise in °C. If the calculation is
not carried out in British units, steps 153 to 159 in the listing must
be adjusted to delete the conversion of Tlon from °F to °C.

ndendh,

OUTPUT E

The intermediate printout is the temperature rise for each ]
permutation of h. For a slowly converging operation, the program can 4
be stopped at any point and a revised h entered in Register 3. !

The final printout gives the complete results of the terminal
calculation.

Register 0 shows h.

Register 1 gives Tll.
Register 2 gives T13.
Register 3 gives T15.
Register 4 gives T17.

Register 5 gives T.9.

1
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Register 6 repeats Register I.
Registers 7 - 9 are zero.
Register A repeats the driving gas temperature Ton.

Register B repeats the initial wall temperature T,o.

1
Registers C and D have no significance to the result, -

Registers E and 1 present the final calculated and the reference
temperature rise respectively.
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The actual program entry is given below. With the exception noted for
Register I, any consistant system of units is suitable.

Primary
Registers Initial Values Example
Ro Tz 2C .
. R1 te 1.94x10 "hr
R2 Constant 10
Rg h 12000 B/hr £tF
R4 k 16 B/hr ft F
RS a .49 ftz/hr
R6 0 0
R7 0 0
RS 0 0
.[é R9 0 0
3 RA Ton 4398 F
- RB Tlo 70 F
3 Re 0 0
Rp 0 0
Re 0 0
R
I T19 - T10 450 C
Intermediate values of
-]
T19 - T1° °C)
Output after iteration.
Ry " 10953.2 B/hr £t°F
R1 Tll 410 F
R2 T13 567 F
R3 T15 678 F
R4 T17 767 F
Rs T19 842 F
R6 T19 - Tll {calc) 449.9 C
R7 0
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R8 -- 0

' Rg - 0

Ry T n 4398 F

- Rg T10 70 F

Re - .

; Rp o o

. RE T110 - T10 (calc) 449.9 C
RI T110 - T10 (ref) 450 C

.

'S
. i
i N

76

]
'-‘{ s - ., H‘ ALt



(S e RN e S R 4

PROGRAM LISTING 846 + _Ec

847 P25 16-3
848  STOZ 33 6 :
249 25 16-51 :
856 RCLD 36 14 ]
881 xLBLA ii it 851 X £3 :
862  PREG 16-13 852 STO0S I5 62 ]
083 sLBLC i3 853 RCLD 36 14 ‘
884 RCLI 36 61 854 4 64 .
805 RCLZ 36 €2 855 . -2 ;
886 : -24 856 ] 65 .
887  STOC 35 13 857 X -35 ]
808 RCLS 36 35 858  CHS =22 ]
889 X -35 859 RCLS 26 8%
810 2 2 ) 068 + -£5 I
e11 b -35 861 7 er 1
812 IX 54 662 . -&2 .
813 5T6C 35 13 863 3 RS :
814 RCL4 76 &4 . 864 + _-58 ;
815 RoLZ 3¢ o3 865 RCLE 36 I ‘
816  F3$ 16-54 866 X -38
817  ST06 35 86 867 4 4 ;
818  F35 i5-51 858 3 -5 ;
819 : Y 869 RCLE 36 12 j
8286 STOD 35 i4 e7e ' __-gs ]
821  RCLC 3 17 871 PSS 16-51 :
822 - o 872 ST03 3% &3 i
823 i a2 873 F25 16-51 :
824 + -55 874 RCLS 3¢ 83
825 1. 2 875 RCLD 3¢ 14
826 STOD 35 14 876 A 5
827 KRCLA 35 11 877 5106 w6
828 RCLB 3 iz 878  CHS &l
829 - -4z 879  STOT 35 e
830 RCLD 35 14 888 RCLY * 36 6%
831 i -3% a31 [ 51
832  STOE 75 15 282 X f:
833 RCLE 3512 egs  + _-o
834 + -£g ‘ 884  Si07 3& 07
835  F25 {E-51 885 RCLD 3 14
& 836 STO! 35 ol 886 1 Gl
[ 837 FiS 16-51 887 4 &4
g a38 3 G2 888 . -6l
839 RCLD 36 14 a8 5 &3
« . 040 - -3c 8% A =38
[ 841 ROLE ¢ IS 831  CHS -2z
[ 842 A .oe 892  KCL7V 36 &7
a 043 z o 893 + -ce
& 844 z -I4 . @94 i &l
, 845  RCLE 36 il 835 ; &
¢ i
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APPENDIX E

ALGEBRAIC SPECIFICATION OF Tgn

f The program labeled E-3 refers to the determination of the driving gas
temperature according to the requirements of Table 3. Program E-4 similarly
refers to Table 4. The example and data of Appendix D are used for
illustration.

R - S
L ]

INITIAL REGISTER CONTENTS
For both programs:
R, enters the wall temperature aF time 1.
Ry gives the wall temperature at time 3.

R4 indicates the wall temperature at time 5.

Py s A
el MMAE - Ak

R, is the wall temperature at time 7.
Rg enters the wall temperature at time 9.
OUTPUT

The corresponding driving gas temperatures are given in stated sequence.
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Primary Initial Example
Registers Values
R Tll 410 F
R T13 567 F
R TIS 678 F
R T,7 767 F )
R T19 842 F
Output
Program E-3 Tol 820 F
T03 1751 F
TOS 2056 F
T07 2275 F
T09 2430 F
Program E-4 Tol 820 F
T03 1751 F
TOS 2468 F
T07 3278 F
T09 3469 F
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'§ APPENDIX F
UNITS DESIGNATION

For the given examples, the properties are stated in the British,
S.I. and normalized expression. The non-dimensional geometric ''caliber"
is most useful, with many applications in fluid dynamic analysis, and
the extension to a normalized mass (weight) has been a convenience in
rationalizing the performance of grossly different flight projectilesF-1
i' - Such manipulative procedures have physical limitations which are defined
in the framework of their employment.

St it e emmEm w e e o MR A

The normalization parameters are given below. Dividing weight
(force) quantities by the specific weight of water converts them to ]
length quantities and the mechanical equivalent of heat transforms heat
units into mechanical units. In addition, this report introduces a
common temperature (°Normalized) based on the absolute scale.

P

linear dimension 1

Length CAL
reference dimension l

force 3
Force 3 CAL
specific weight of water x ref dim

mass 3 ,
Mass 3 CAL .
specific mass of water x ref dim

heat x mechanical equivalent 4
H CAL
eat 3
specific weight of water x ref dim d
]
Temperature °Normalized = .9 °Kelvin = .5°Rankine i

4.8 a.d a4

!
)

F-ly F. Donovan, '"One Factor Affecting the Dispersion of Long Rod
Penetrators," ARBRL-MR-02846, June 1978, AD #A058596
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LIST OF SYMBOLS

a thermal diffusivity of metal wall

c specific heat of metal wall

e exponential constant

e elapsed quantity (when appearing as a subscript)

. h film heat transfer coefficient

j natural logarithm of "r"

k thermal conductivity of metal wall

m Zi'éiii"

o

n sequential location of interstitial plane (appearing as subscript)
g T radius
;* t time
E X distance

cal calorie
cm centimeter

ft foot

hr hour

sec second

B British Thermal Unit
C Centigrade

F Fahrenheit

L Length

N Normalized

T Temperature

CAL Caliber

A Difference indicator

At Finite difference in time

e
o

AT Finite difference in temperature

&
2
‘-
,

8

Ax Finite difference in distance

EY N

&: Operator defined as used in text
- Operator defined as used in text
-
4
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HP-97
FORTRAN
CDC
CALSPAN
S1
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LIST OF SYMBOLS (continued)

Density of medium

Heat flux

Inner radius

Outer radius

Elapsed time
. th . ‘o

Time at n~ interstitial plane

Range of convergence for temperature calculation

Temperature at nth interstitial plane at time '"t"

Initial distance increment in Schmidt plot
Initial driving temperature difference

Hewlett Packard Model 97 Calculator

Computer language acronym for formula translation
CONTROL DATA CORPORATION

Formerly Cornell Aeronautical Laboratory

STANDARD INTERNATIONAL

BALLISTIC RESEARCH LABORATORY
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